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Abstract 
The variation of the micro mechanical properties, such as hardness and modulus, of the material is important potential factor influencing the 
machinability of the material. The presented paper is to study the influence of variation in micro hardness and microstructure of the materials 
on machining performance in terms of tool wear and tool life, cutting forces and surface quality. The work material is high chromium white 
cast iron and material of cutting tool is cBN. The variation of micro hardness were measured and analyzed by grid nano indentation approach. 
Volume fraction phases of the material were identified through Weibull mixture distribution from result of grid nano indentation. High 
chromium white cast irons were prepared with two groups of composition, lower carbon silicon and higher carbon silicon, in the state of as-cast 
and hardened condition. Results from the machining test indicate that the variation of micro hardness of the work materials show significant 
impacts on cutting tool wear, tool life, cutting forces and surface quality in the machining of these materials. The effect of micro mechanical 
properties needs to be taken into account in the modelling and predicting tool life and surface quality. In addition, the mechanism of interaction 
between the cBN tool and the high chromium white cast iron under the range of machining parameters was also addressed. Lastly, surface 
roughness measurements complemented the results and a qualitative relationship between the surface roughness generated during the 
machining and the materials is also laid out. 
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1. Introduction 
In high performance machining, enhancement of the 
machining performance by suppressing the tool wear, 
improve surface finishing and predicting the tool life are still 
challenges in the research [1]. Beside properties and geometry 
of the cutting tool, behaviour of work material, such as macro 
and micro mechanical properties, and microstructure, play 
important roles in the machining performance [2]. Hardness 
of the material is one of significant mechanical properties 
affect the machining performance, such as tool wear, tool life, 
and surface quality. Higher tool wear rate will be induced 
when higher hardness work material is cut [3]. Effect of the 
hardness of work material on the machining process, 
especially hard machining, has been reported in several 
investigations. Nakayama et al [4] indicate that the hardness 
of the material will not necessarily generate higher cutting 
forces after compared machining hard material and soft 
materials.  Narutaki and Yamane [5] studied that the tool wear 
mechanism by comparison of machining soft steels, where the 
wear resistance of the tool is controlled by the bonding 
strength of the tool grains, and hardened materials, such as 
tool steel which contains many hard carbide grains. In 
conclusion, they show that the tool wear is mainly controlled 
by abrasion. Hardness of the material affects the chip 
formation as well during the cutting. Matsumoto et al [6] 
found that the chips change from continuous chips to 
segmented chips when hardness of materials increase from 
HRC 30 to 50 and increase in hardness caused a decrease in 
cutting force. Chryssolouris [7] reported that the work 
material structure rather than hardness influence the wear 
behaviour of cBN cutting edges. König et al [8] investigated 
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tool life in drill of several different steels in order to assess the 
machinability of these materials with respect to the influence 
of different hardness and structure composition. Poulachon 
[9] concluded that the main wear mechanism of cBN tools is 
abrasion by hard alloy carbides in the work material, 
especially when hardness of the work material is over 50 
HRC. Moreover, the hardness of the work material may not 
be equally unfavourable from the viewpoint of their effect on 
the tool wear. The authors further pointed out that the 
abrasion of the cutting tool depends on the nature of the 
carbides, carbide sizes and distribution.  
 
Although the effect of the hardness of work material on the 
machining performance has been studied, prior investigations 
however were mainly focused on the bulk hardness or average 
hardness of the work material and the influence of variation of 
the micro hardness due to the variation of microstructure of 
the material was neglected. The variation of the micro 
hardness has substantial influence on the abrasion resistance 
of the material, which could affect the machining performance 
as tool wear and surface quality during the machining. In fact, 
the differences between bulk hardness and micro hardness of 
the material are good gauge of the abrasiveness of the work 
material [10]. The variation of the micro hardness of the 
material can be quantitatively determined by nanoindentation 
approach. The presented paper is to study the influence of 
micro hardness and microstructure of high chromium white 
cast iron on tool wear and tool life, cutting forces and surface 
quality in high performance machining with cBN tools. 
 
2. High chromium white cast iron 
 
High chromium white cast irons are among the typical 
wear-resistant materials and have large industrial applications. 
High chromium white cast irons are alloyed with 12 – 35 % 
chromium for achieving superior wear resistance and 
corrosion resistance [11]. The materials offer good corrosion 
resistance and high abrasion resistance as the result of high 
concentration of chromium in the matrix and the presence of 
eutectic carbides (M7C3). Nevertheless, the material is also 
well known as difficult-to-cut material due to the short tool 
life and instability of the machining process as result of 
premature failures of the cutting tools [12]. The application of 
cBN as cutting material is a very promising approach and 
could have a significant impact on productivity. However, the 
machining performance, such as tool wear and tool life, 
process stability and surface quality is still significantly 
influenced by the variation of the material properties, 
especially in high performance machining in which the high 
material removal rate (MMR) is often demanded [13].   
 
Table 1. Chemical composition of two groups of material. 
 Fe C Si Mn S P Cr Ni Ti Mo Cu 
Mat. Gr 1 (Lower C-Si)  70.55 2.71 0.8 0.34 0.012 0.019 25.3 0.11 0.004 0.02 0.047 
Mat. Gr. 2 (Higher C-Si) 69.2 2.95 1.47 0.35 0.015 0.022 25.7 0.12 0.004 0.02 0.056 
 
 
Fig. 1 Microstructure of the high chromium white cast iron.  (a) (e) lower C-Si in as-cast  
and (b) (f) hardened; (c) (g) higher C-Si in as-cast and (d) (h) hardened.  
 
In general, the microstructure of high chromium white cast 
iron consists of hard eutectic carbides (M7C3) and primary 
carbides (M3C) in a ferrous matrix of martensite with some 
retained austenite. The differences among the four materials 
are their matrix hardness, the amount of chromium carbides 
and morphology of eutectic carbides. Grain size of carbide 
and hardness are both dependent on C-Si content of the 
materials [14]. 
3. Material preparation 
 
The high chromium white cast iron bars were supplied by 
Xylem water solution AB in Sweden. The composition and 
heat treatments were selected so as to obtain different matrix 
microstructures but with same carbide volume fraction. Two 
groups of high chromium white cast irons (Cr>25% vol.) with 
different carbon-silicon (C-Si) contents were used in the 
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investigation. Group 1 contains 2.71% of C and 0.8% Si in 
volume fraction (Lower C-Si). Group 2 contains 2.95% of C 
and 1.47% of Si in volume fraction (Higher C-Si). Table 1 
summarizes the approximate chemical composition of the two 
groups of material. The composition represents both 
hypoeutectic and hypereutectic alloys. Fig. 1 reveals the SEM 
microscopes of the typical microstructure of the material in 
group 1 and 2 in as-cast and hardened condition respectively. 
The materials were cast into a bar shape in diameter of 66 mm 
and length of 370 mm with shell moulding. Two samples 
were prepared for each group of chemical composition and 
one of them were heat-treated in hardened respectively by 
heating the material to 940 qC; holding for 2 h and then 
quenching to room temperature. Total four samples were 
prepared for the test. 
 
The materials with the lower C-Si have the typical 
hypoeutectic microstructure, in which the matrix includes the 
primary austenite dendrites with needle like slide martensite 
and the martensite is surrounds the interconnecting network of 
brittle faceted M7C3 eutectic carbides (Fig.1 (a) and (e)). The 
materials with higher C-Si have hypereutectic microstructure, 
in which the austenite is almost transformed to bainite in the 
matrix, and the primary eutectic carbides are distributed in the 
middle of the interconnecting of eutectic carbides (Fig.1 (c) 
and (g)) [15]. The materials with higher C-Si contents was 
observed to increase grain size and reduce free graphite but 
with resultant decrease in hardness (Table 2). After hardening 
treatment, the eutectic carbides are slightly affected as seen in 
Fig. 1(b) and (d). The matrix has transformed mainly 
martensite with fine size secondary carbides. Rockwell C 
hardness test was made for four specimens and results are 
listed in Table 2. In materials with the higher C-Si, the matrix 
is made of bainite formed during cooling. Austenite dendrites 
are absent, and coarse primary carbides, in the form of long 
needles, are well distributed in the microstructure. The 
primary carbide needles are surrounded by eutectic carbides. 
Further, a small amount of secondary carbides were observed 
in the bainite matrix [15, 17]. 
 
Table 2: Bulk hardness of the workpiece. 
 Bulk hardness (HRC) 
 As-cast Hardened 
Mat. Gr.1 (Lower C-Si) 54 56 
Mat. Gr.2 (Higher C-Si) 41 59 
 
3. Nanoindentation test 
 
High chromium white cast iron is a multiphase material. 
The multiphase material often has different mechanical 
properties, such as hardness, on correspondent phase of the 
material. Micro scale hardness of the material measures the 
variation of the local mechanical properties whcih may 
significantly influence the abrasion behavior of the material. 
The micro hardness and modulus on individual phase of the 
material can be measured through grid indentation method in 
this study. The method was also been reported in several other 
papers [17, 18]. The hardness test was carried out on a 
nanoindentation instrument using the NanoTest Vantage 
system with a loading range of 0.01 to 500 mN and a 
Berkovich diamond indenter with a tip radius of 120 nm. In 
this work, the applied indentation load was set to be 5 mN to 
minimize the effect of the neighboring grains on the 
indentation. The hardness was measured with 20x20 grid 
points over a randomly selected area, which covers 400x400 
Pm2 on the specimen. All the indentations in the tests were 
load controlled and the maximum load is the same for all the 
measurements. 
 
Fig. 2 Histogram of microhardness measured by grid nanoindentation. 
 
The results from the grid indentation test in the as-cast and 
hardened specimens from two material groups are presented 
in Fig. 2 in the form of hardness histograms. The large 
hardness variations in the test area of the materials were 
demonstrated from the grid indentation test. For as-cast 
material, the hardness changes from minimum 3 GPa to 
maximum 18 GPa in the test area (Fig. 2a&c). For hardened 
material in lower C-Si, the variation of hardness changes from 
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5 GPa to 19 GPa while for hardened higher C-Si material, the 
variation of hardness changes from 3.5 GPa to 19 GPa (Fig. 
2b&d). Increased hardness variation is mainly associated to 
the matrix. There is evidence of decrease of secondary 
carbides in the matrix as result of high silicon content [16].  
Based on the histograms, the Weibull mixture model was 
applied through which the indentation responses on different 
phases in the materials were extracted. Fig. 3 represents the 
cumulative distribution function of hardness from four 
materials with Weibull mixture model. Fig. 4 reveals the 
example of phase identification on as-cast material from 
material in group 1. Results of phase identification for four 
materials are shown in Table 3. In the as-cast specimen from 
material group 1, three distinct peaks are visible in Fig. 2(a). 
There is a peak corresponding to austenite (25.2 vol. %) with 
a mean hardness of 4.73 GPa, a second peak corresponding to 
martensite (52.4 vol. %) with a hardness of 6.88 GPa and a 
third peak corresponding to eutectic carbides (22.4 vol. %) 
with a hardness of 15.38 GPa. The identified volume fraction 
of eutectic carbides obtained from grid nanoindentation data 
is in fair agreement with estimations based on metallographic 
examination of the samples [17]. However, there is an over 
estimation of austenite content in the metallography data due 
to the difficulty of identifying the austenitic regions precisely 
in a fine mix of austenite and martensite. 
 
Fig. 3 CDF of the hardness measured by grid nanoindentation. 
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Fig. 4 Phase identification based on the Weibull mixture 
distribution. 
Grid indentation results for the hardened specimen in 
material group1 are shown in Fig. 2(b) in the form of hardness 
histograms. As mentioned before, Weibull mixture model was 
employed to fit the hardness values. In the hardened sample, 
the histogram shows two major peaks and a minor one 
between them. Martensite, which is associated with the first 
peak in the hardness histogram, clearly has a dominant 
influence in this material. Eutectic carbides (22.3 vol. %) 
contributed to the second peak with hardness of 15.35 GPa. 
The response from the mixture of martensite and secondary 
carbides (8.9 vol. %) may be associated with the small peak 
with an average hardness of 10.12 GPa. 
 
Hardness data for the samples from material group 2 are 
shown in Fig. 2(d). All samples show a similar hardness 
distribution for eutectic carbides, but the matrix is different in 
each case with distinct peaks. In the as cast sample, four peaks 
were found in the hardness histogram (Fig. 2(a)). Based on 
the hardness values for the individual phases, four phases 
could be identified. The first peak corresponds to bainite (53.5 
vol. %); the second peak relates to martensite (15.1 vol. %); 
the third and fourth peaks correspond to primary carbide (10.7 
vol. %) and eutectic carbide (20.7 vol. %) respectively. After 
the hardening treatment (Fig. 2(d)), the matrix is transformed 
totally to martensite (hardness: 7.14 GPa). 
 
Table 3. Phase volume fraction identified by the results from 
grid nanoindentation tests. 
  Hardness (GPa)  
Materials Phase Mean Deviation Vol. fraction (%) 
Lower C-Si A 4.73 1.08 25.2 
(as-cast) M 6.85 3.04 52.4 
 EC 15.03 4.24 22.4 
Lower C-Si M+SC 7.57 1.92 69.6 
(hardened) EC 15.36 3.3 30.4 
Higher C-Si B 4.2 0.82 53.5 
(as-cast) M 6.87 1.94 15.1 
 PC+EC 15.86 2.86 31.4 
Higher C-Si M+SC 7.16 2.78 70.6 
(hardened) PC+EC 15.42 3.60 29.4 
A: Austenite; M: Martensite; EC: Eutectic carbide; SC: secondary carbide; B: 
Bainite; PC: Primary carbide 
 
4. Machining test 
 
Cutting tool material is polycrystalline cubic boron nitride 
(CBN500). The cBN tool material is a high-cBN grade with 
90% cBN content and 15 micro grain size (Fig.4(a)). The 
binder material is AlN/metal addition (WB2) and solid format 
was used, as shown in Fig. 4 (b). The material had hardness of 
HK=32 (HV≈39) GPa. Thermal conductivity was not tested, 
but for all cBN materials with this type of binder, it is in the 
range of 80–110 W/(m·K). Their hardness and fracture 
toughness are often largely influenced by the mechanical 
properties of the binder materials, which are lower than those 
of pure cBN. 
 
 
 
Fig. 5 Microstructure and composition of cBN tool. 
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KW. Table 4 summarizes the cutting parameters used in the 
test. The selection of cutting parameters covered a range of 
industrial production conditions and recommendations from 
cutting tool manufacturers. Dry machining tests were 
conducted throughout the tests. A pre-cut was made on each 
workpiece before the tests in order to remove the rough outer 
layer remaining from a prior casting process. Tool flank wear 
was measured by means of an Alicona InfiniteFocus optical 
microscope. Cutting forces were measured by means of a 
quartz piezoelectric-type dynamometer  (Kistler 9129А). 
 
Table 4. Cutting conditions 
Tool cBN 
Cutting speed, vc (m min-1) 120, 140, 160 
Feed, f (mm per revolution) 0.4 
Depth of cut, ap (mm) 1.5 
Work materials High-chromium white cast iron 
Cutting fluid none (dry) 
Tool geometry (rake & flank) –6q, –6q 
 
5. Result and discussions 
 
Cutting forces 
Fig. 6 demonstrates the results of force measurements 
representing cutting, feed and radial direction respectively 
from the cutting tests of four materials. Among the test 
results, levels of forces in all three components were 
approximately the same for as-cast specimens in two groups 
of material although the bulk hardness value is much higher 
(54 HRC) for the lower C-Si material in as-cast condition than 
the higher C-Si material in as-cast condition (41 HRC). This 
suggests that the magnitude of the cutting force is only 
partially determined by the bulk hardness of the materials 
under the same cutting condition. Metallurgic variables, such 
as microstructure, may also contribute important effect. 
Metallographic examination using SEM suggests that there 
exists high volume fraction of bainite in the matrix of as-cast 
specimen in the higher C-Si material. The high strain 
hardening effect exhibited by bainite during shearing 
deformation may induce high cutting forces under the 
machining [18].  
 
Fig. 6 Three cutting forces components in cutting, feed and 
radial direction respectively. 
 
The cutting forces show different trend for hardened 
materials in higher C-Si and lower C-Si materials. After the 
hardened, comparable hardness are received for the materials 
with both groups of chemical composites with hardness of 56 
~ 59 HRC. All three components of forces were slightly 
higher for the material with higher C-Si content than the 
material with lower C-Si content.  In addition, the small 
influence of cutting speed on the cutting force values were 
also observed in the test of all types of materials. The force 
values tend to be smaller when higher cutting speed (160 
m/min) was applied in the test due to the higher cutting 
temperature. 
 
Tool wear and mechanism 
Examination of the wear surface of the cBN tools after 
cutting of high chromium white cast iron was carried out 
using an optical microscope, a scanning electron microscope 
(SEM) and an energy dispersive X-ray spectrometer (EDX).  
Fig.7 – 10 present the wear morphology and edge 
deterioration after four sample materials were machined to 
160 m length of cutting length. Fig. 7 shows that tool wear 
mainly appeared on the flank face, little crater wear was 
formed on the rake face. For the cutting tool after machining 
the as-cast materials, flank wear is the dominant wear type in 
combination with minor edge rounding causing by chipping. 
Small difference in the levels of flank wear and edge rounding 
were observed on cutting tools after the machining although 
there is obvious difference in the bulk hardness between the 
two materials (54 and 41 HRC). For cutting tool in the 
machining hardened materials, the tool wear was through a 
combination mode, which is abrasive wear along with 
predominant micro-chipping. Severe micro-chipping causes 
edge rounding with increase of the edge radius, as shown in 
Fig. 8 and 9.  The flank wear is primarily characterized as 
abrasive wear revealed by the grooves oriented along the 
cutting speed direction [20]. Abrasiveness of high chromium 
white cast iron is a strong function of such parameters as 
carbides volume fraction, carbide shape and matrix strength 
[21]. Substantial difference of edge rounding was observed on 
the cutting tool after cutting two hardened materials, which 
may attribute to the variation of micro hardness and 
microstructure of the materials although very small difference 
in their bulk hardness (56 and 59 HRC), as shown in Fig.9.  
 
Fig. 7 Profile of tool wear and flank wear after machining two 
groups of materials. 
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Larger flank wear was found on the cutting tool after 
machining the lower C-Si material in comparison to the flank 
wear obtained after machining the higher C-Si material, as 
shown in Fig. 7. This could be explained by its higher 
hardness of matrix in the lower C-Si material than higher C-Si 
material. In lower C-Si material, the main part of matrix is 
formed by 52% of martensite while the main part of matrix in 
the higher C-Si material is formed by bainite. The hardness of 
bainite is much lower than martensite, as shown in Fig. 2. 
 
Fig. 7 also reveals that the effect of the cutting speeds on tool 
wear when two materials were tested. The tool wear was 
clearly influenced more by the cutting speed when lower C-Si 
material was cut. The hardness of austenite could be increased 
as result of strain hardening under the higher shear rate in 
higher cutting speed, which reinforces the total hardness of 
matrix in this material. However, little influence on tool wear 
was found in the machining higher C-Si material. 
 
 
Fig. 8 Cutting edge chipping after machining higher C-Si 
materials. 
 
 
Fig. 9 Size of edge rounding after machining two groups of 
material. 
 
Microscope study on the cutting tool revealed that the 
cutting edge geometry was changed by edge rounding caused 
by micro-chipping in the machining higher C-Si materials. 
Due to the presence of large size of primary carbide in 
hardened higher C-Si material, the edge chipping occurs 
where the fracture toughness of the cBN is exceeded by the 
continuously strike of primary carbide in a local area at the 
cutting edge. The primary carbides could cause the binder of 
the cBN tool to be abraded and loss of cBN grains eventually. 
Research shows that edge wear by chipping is the main wear 
mechanism in the machining inhomogeneous material [10]. 
Edge radius was measured by Alicona InfiniteFocus optical 
microscope after the machining was made as shown in Fig. 9. 
Substantial increase of the edge radius was appeared in the 
cutting tool after machining hardened higher C-Si material. 
Larger size of primary carbide embedded in martensite matrix 
in the higher C-Si materials may cause the loss of edge 
material and increase of the edge radius. Severe edge chipping 
makes the primary cutting edge to be dull which could also 
cause rougher surface, higher cutting forces and temperature.  
 
In all tests, the adhesion of the work material to the area of 
rake, chamfer and flank was evident. The adhesive layer could 
be associated with the cutting temperature between the 
workpiece and the cutting tools. Fig. 10 shows the SEM 
image and EDX spectrum of the tool rake face after cutting of 
lower C-Si material in as-cast condition at cutting speed of 
160m/min ((a) SEM image of the rake face, (b) EDS spectra 
at site A). SEM examination of the tool face indicated that 
there was an adhesive layer formed on the chamfer area. EDX 
examination at the white site A on the chamfer area revealed 
that its elements were mainly Al, Cr, Si, Mn and Fe. It seems 
that the layer was more likely to be a piece of high chromium 
white cast iron adhered to the chamfer area of the cBN tool. In 
addition, the intensity of Al on the layer is much stronger than 
that of high level of aluminum was found in EDX analysis 
although only very small amount of aluminum was claimed to 
contain in the work material. 
 
Fig. 10 Adhesive layer and EDX analysis. 
 
Surface roughness 
Progression of surface roughness, Ra, was measured by 
stylus profiler between the tests and 3D surface profiles were 
measured by Alicona InfiniteFocus optical microscope after 
the tests. Fig. 11 reveals the progression of average roughness 
(Ra) produced by cBN cutting tools over 350 mm of cutting 
length when materials of higher and lower C-Si contents in 
hardened were machined. The average roughness (Ra), shown 
in Fig 11(a), demonstrates the trend of increase in roughness 
with progression of cutting length when cutting both hardened 
high chromium white cast iron materials with cBN tool. 
Material with higher C-Si showed a steady increase of 
roughness Ra as increase of the cutting length. This may 
primarily attribute to the increase of edge deterioration as 
result of edge chipping and fracture caused by primary 
carbides of the work material. Dull cutting edge generates 
squeeze rather cut between tool and workpiece, and generates 
the built-up-edge and rougher the surface. The interaction of 
the cutting speed and cutting tools on surface roughness when 
cutting hardened material with high C-Si contents was shown 
in Fig. 11(a). The result reveals that the cutting speed levels 
have significant effect on surface roughness when cBN tool 
was used. The surface tends to become rougher when cutting 
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speed changes from 120 m/min to 160 m/min, which is also 
associated with the rising temperature in the cutting edge 
causing more side-flow and built-up-edge debris on the 
surfaces.  
 
Fig. 11 (a) and (b) represents the surface roughness and 
3D surface profile produced by cBN cutting tools for the 
higher C-Si group of material in as-cast. Side flow and debris 
of built-up-edge (BUE) left over the machined surface are the 
contribution of the higher roughness of the surface produced 
by cBN tool, as shown in Fig. 11 (b). The formation of BUE 
and side-flow on the surface produced by cBN tool may 
primarily attribute to the higher cutting temperature during the 
machining when dull edge was created under the severe 
chipping. The cBN material has lower thermal conductivity 
(80-110 W/(mK)) due to its binder materials (10 % of 
AlN/addition (WB2) in cBN. In addition to the higher 
temperature in the tool/workpiece interface, existence of 
minor vibration during the process is another reason for the 
higher roughness on the surface.  
 
Fig. 11 Progression of surface roughness (a) and surface 
profile (b). 
 
6. Conclusions 
 
Two groups of high chromium white cast iron were tested 
in order to understand the effect of micro hardness variation 
and microstructure on machining performance in this study. 
There is large micro hardness variation in high chromium 
white cast iron in both as-cast and hardened state. The micro 
hardness variation is dependent on the microstructure of the 
material and grid indentation can be used to measure the load 
hardness values and their distribution. Appearance of the 
cutting edge on cBN tool suggests that the abrasion wear and 
edge chipping are the main wear modes during the machining 
high chromium white cast iron. Variations of the micro 
hardness and microstructure of the test materials have 
significant influences on the tool wear mechanism although 
small bulk hardness were measured in the test materials. The 
larger variations in the micro hardness of the materials the 
higher abrasion wear of the cutting tool is promoted. Severe 
chipping on the cutting edge could be the result of relatively 
large carbide size presence in work materials. 
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